Summer conditions in the Mediterranean Sea are characterized by high temperatures and low food availability. This leads to ''summer dormancy'' in many benthic suspension feeders due to energetic constraints. Analysis of the most recent 33-year temperature time series demonstrated enhanced stratification due to global warming, which produced a Ϸ40% lengthening of summer conditions. Many biological processes are expected to be affected by this trend, culminating in such events as mass mortality of invertebrates. Climatic anomalies concomitant with the occurrence of these events represent prolonged exposure to warmer summer conditions coupled with reduced food resources. Simulation of the effects of these conditions on a model organism demonstrated a biomass loss of >35%. Losses of this magnitude result in mortality similar to that noted in field observations during mass mortality events. These results indicate that temperature anomalies are the underlying cause of the events, with energetic constraints serving as the main triggering mechanism.
I
n a rapidly warming world, marine and terrestrial biodiversity and ecosystems are responding through shifts in distribution and changes in abundance, phenology, structure, and functioning (1) (2) (3) . Furthermore, global environmental change is expected to lead to a higher frequency and shorter return time of extreme events (4) . An example of this is the occurrence of mass mortality events, which are affecting an increasing number of marine species and ecosystems worldwide (5, 6) . These events have been well documented in coral reef ecosystems, where they have produced dramatic phase shifts in community structure (7) (8) (9) . In recent years, the coralligenous community, one of the most diverse in the Mediterranean Sea (Ϸ1,666 species; ref. 10) , where suspension feeders are dominant, has been strongly affected by several mass mortality events [supporting information (SI) Table S1 ]. Engineer species, including gorgonians and sponges, have been the most affected taxa down to depths of 45 m (11) (12) (13) . The impact of these events on populations is similar to that observed in the 1980s and 1990s in the Caribbean Sea (14, 15) . But despite the wide extent of these effects on Caribbean populations, identification of the causes has not always been possible; however, some were associated with temperature increases (15) , and others were associated with diseases (14) . Understanding mass mortality events is becoming increasingly important, given the escalating presence of anthropogenic stressors that affect marine ecosystems (5, 6, 16) .
The causes of mass mortality events in the Mediterranean remain unknown, and our ability to predict the effects of these events depends on characterizing them and elucidating trends exhibited by potentially causative factors. Current hypotheses about the causes of these events in the Mediterranean focus on their relationship with the occurrence of distinctive climatic anomalies in late summer and early fall (17) . Climatic conditions coincident with the occurrence of the 2 largest mass mortality events (in 1999 and 2003) included temperatures Ϸ3-4°C above average and prolonged water column stability in late summer (11, 17, 18) . To determine whether these climatic anomalies could be considered the main cause of the mass mortality events, we need to determine the mechanisms that could possibly link this thermal phenomenon with the mass mortality of benthic suspension feeders. The occurrence of such climatic anomalies in late summer implies prolonged exposure of organisms dwelling above the thermocline to summer conditions (high temperatures and low food availability). In this framework, the main hypotheses regarding the causes of invertebrate mass mortality events are related to the exposure of benthic organisms to (i) temperatures above their level of thermal tolerance, (ii) temperatures below critical temperatures but producing physiological stress, and (iii) virulence of microorganisms (11, 12, 17, (19) (20) (21) (22) . But although lethal temperatures should not be disregarded, they did not characterize the environmental framework of the events (17) , and microorganisms present on colonies during occurrence of the events were interpreted as opportunistic (11, 19 ; but see ref. 21 ). The fact that mass mortality events preferentially affect taxa that exhibit energy shortages, such as suspension-feeding gorgonians and sponges (12, 20) , suggests that energetic constraints due to high metabolic activity and prolonged low levels of food should be explored as a potential determinant of mass mortality events.
In this study, we addressed the hypothesis of physiological stress due to energetic constraints. This hypothesis relies on the fact that seasonal dynamics of different suspension-feeding taxa show that summer is an energetically unfavorable period due to high temperature (and thus high respiratory demand) and low food availability, resulting from thermal stratification of the water column and leading to limited energy. Synergy of both factors in the summer produces an energetic constraint underlying a pattern of decreased activity that has been described as ''summer dormancy'' (20, 23) . The hypothesis is that organisms can withstand the adverse conditions in summers of normal duration but cannot resist anomalous prolongation of summer conditions, particularly when combined with higher-thannormal temperatures. We used a 2-step approach to address the hypothesized relationships among climatic anomalies, energetic constraints, and mass mortality events. In the first step, we examined environmental conditions by analyzing a temperature time series of data recorded over the last 33 years over a 90-m depth range. In the second step, we conducted a controlled experiment in the laboratory to test the effects of normal and anomalous environmental conditions on benthic suspension feeders.
Summer conditions in the Mediterranean are characterized by high water column stability and high temperatures, resulting in a strong stratification of the water column. This stratification is responsible for the exhaustion of dissolved surface nutrients. Furthermore, particle sinking results in a severe depletion of suspended food resources (24, 25) . Development of water column stratification due to solar radiation in the spring and summer results in greater differences in the annual temperature variation at the sea surface (Ϸ12°C) compared with that in deep layers (Ͻ4°C at 80 m). Throughout the annual cycle, this produces a period of vertical homogeneity between November and April, with stratification between May and October. Wind episodes from late summer through fall contribute to the vertical mixing. The annual cycle of stratification is the main driver of the 2 distinct modes displayed by natural food conditions (24, 25) . Previous studies allowed us to establish that the period of Secchi values Ͼ18 m after the spring bloom (days Secchi Ͼ18 m) correspond to the low food availability mode that characterizes the summer period (see SI Methods). Given that the reported warming trend of the northwestern Mediterranean during the 1974-2001 period was greater for surface waters (0.040°C/year) than at 80 m (0.025°C/year; ref. 26) , we examined whether this warming trend affects stratification of the water column. We used temperature differences between the surface (0.5 m) and 80 m (T 0-80 ) and between 20 and 80 m (T ) as proxies of stratification. We analyzed the T 0-80 and T 20-80 series and their anomalies (observed minus average, Ta 0 -80, Ta ) to detect deviations from the long-term average. The 20-m depth is above the thermocline in the summer, and we chose it to examine the effects of environmental conditions on the coralligenous community because mass mortality events have affected the community at least from this depth upward (11, 12, 13, 27) . (Fig. 1A) . The mean annual Ta displayed similar patterns of oscillation and increase (0.017°C/year; Fig. 1B ). However, in months when T 0-80 and T were Ͼ1°C (May-October; Fig. 2A ), the increasing trend was twice that (0.027-0.030) of the mean annual value ( Fig. 1C and D ; Table 1A ). Furthermore, in contrast to the minimum mean monthly winter temperature, which did not increase over time at any depth, the maximum mean monthly temperature at the surface and at a depth of 20 m increased at a rate of 0.05°C/year in the summer ( ) . Thus, the increasing temperature anomaly, together with its oscillatory pattern and its positive correlation with maximum summer values, increase the probability of extreme temperature events. This finding is in accordance with the increased frequency of extreme temperature events observed at the study site over the past several decades (Table S2 ). But although descriptors of extreme events that include surface temperature, occurred with the same frequency during the last 2 time periods (1985-1995 and 1996-2006) , descriptors of extreme events that include temperature at 20 m but temperature maxima, occurred only during the last time period (Table S2) .
Results and Discussion
The only sampling point older than l'Estartit with a regular weekly sampling is at Villefranche-sur-mer (Ligurian Sea). This temperature time series started in 1957 and exhibited no significant trend between 1957 and 1978 (28) . A posterior analysis of this series up to 1995 demonstrated a relative surface cooling from 1966 to 1974, followed by a rapid warming from 1975 onward (29) . Such behavior would explain the absence of an overall trend up to 1978 found previously. However, because the reported standard deviations of temperature up to 1978 were 2°C at surface but only 0.3°C at 20 m (28), this cooling period might have been restricted to the surface layer. Moreover, despite the cooling period, the annual maxima of surface temperature from the Villefranche series up to 2005 demonstrated a significant warming trend (30) . These results indicate that the cooling period observed during the 1960s and early 1970s in the English Channel (31) and in the northeastern Atlantic Ocean in general (4) also affected the surface layer in the western Mediterranean. Therefore, the trends detected in our series may be slightly overestimated, because the observations started at around the coldest years. But despite the cooling period, the final values for Villefranche-sur-mer are clearly higher than those in the late 1950s (29, 30) , and thus the observed extreme events have no precedents in the last 50 years in the western Mediterranean.
Higher temperatures had 2 main effects on water column stratification. First, a strong stratification developed earlier, during the late spring to summer (achievement of 2.5-4.5°C of Table S3 ). Higher temperatures then led to stronger thermal stratification and increased stability of the water column. Within the affected range (2.5-4.5°C), the rate of earlier development of strong stratification increased with increasing T (Fig. 2B ; Table  S3 ). The 4.7°C value of T 20-80 was used to examine the effect of higher temperature anomalies on the duration of stratification. This value approximately corresponded with a temperature of 18°C at a depth of 20 m [T 20-80 : 4.67 Ϯ 0.05 (mean Ϯ SE)] that was reached on June 21 (Ϯ 2 days), which is near the summer solstice. The achievement of 18°C at 20 m is a good indicator of summer conditions, because it represents a threshold above which stratification consolidates and becomes stable until the end of summer (Fig. 2B) . The number of days that the temperature was Ͼ18°C at 20 m (days T 20 Ͼ18°C) varied from 75 to 164 days over the study period, with a trend of an increase of 1.25 days/year (Fig. 2C) , due mainly to the advancement of spring (Table 1B) Table S3 ). (C) Number of days that temperature was Ͼ18°C at 20 m in 1974 -2006. main descriptors of summer conditions-periods of high temperature (days T 20 Ͼ18°C) and of low food availability (days Secchi Ͼ18 m)-were correlated over the study period (r ϭ 0.3771; P Ͻ.0333; n ϭ 33). We can conclude that on average, the observed warming trend between 1974 and 2006 has caused a 40% (i.e., 40 days) increase in the time during which the coralligenous community is exposed to summer conditions. No change in wind pattern affecting autumnal overturn has been observed. Lengthening of summer conditions correlated with an increase in maximum monthly summer temperature at 20 m (Table 1 A) . The observed lengthening of summer conditions, together with the oscillatory pattern of temperature anomalies, accentuates the probability of occurrence of extremely long summer periods.
Stratification of the water column is a key control of marine productivity (32) that affects the flux of carbon and temperature of the coupled ocean-atmosphere system (33, 34), a main determinant of global climate (35) . The Mediterranean Sea is been affected by warming (26) similarly to other areas (36) . Although under this scenario, the upper sea should become more stratified, the outcome of warming on stratification is uncertain, because of the trade-off between events producing water column stabilization and destabilization events (4). Furthermore, this outcome may vary regionally, and long-term time series of direct observations are lacking (37) . Our results provide evidence that enhanced stratification of coastal waters due to global warming is occurring in the northwestern Mediterranean.
Many biological processes are expected to be affected by increased stratification intensity, which produces longer and warmer summers (Table S4) , similar to recent evidence of the early onset of spring events (38) and the prolonged growing season in terrestrial ecosystems (39) and alterations of marine pelagic phenology (40) , which also have been attributed to climate warming. Associating changes in biological processes, such as mass mortality events, with their responsible environmental causes is one of the most challenging aspects of understanding biological variability. The frequency of mass mortality events has increased over the last several decades in the northwestern Mediterranean from the occurrence of local-scale events (several tens of meters or kilometers) to regional-scale events (several hundreds of kilometers) in 1999 and 2003 (Table S1 ). These regional-scale events coincided with the years displaying extreme events in terms of the highest number of days that T 20-80 Ͼ6.5°C (the greatest T 20-80 exhibiting a significant pattern of increase over time; Table S3 ) over the period (Table  S2) . Extreme events in terms of the highest mean May-October Secchi disk measurements occurred in 2003, 1997, and 1999 . Then the number of days that T 20-80 Ͼ6.5°C is the descriptor of extreme events that better accounts for the main factors of the energetic constraint hypothesis, because it integrates high temperature (high respiratory demand), high stratification (low food availability), and time of exposure to both factors. We examined the potential consequences of the trend of warming and lengthening of summer conditions on the Mediterranean coralligenous community by examining the effects on a well-studied model organism, the gorgonian Paramuricea clavata, a large contributor to the community structure and biomass that has been strongly affected by the events (11) (12) (13) 27) .
Experimental Work on a Model Organism. We collected apical branches of P. clavata from different colonies and kept them in flow-through seawater tanks. After acclimation, the branches were exposed to 4 different combinations of temperature (ambient and high) and food concentration (ambient and high), to examine the performance of the organisms under the observed climatic anomalies (high-temperature-ambient-food treatment; see ref. 16 ) using normal summer natural conditions as a reference (ambient-temperature-ambient-food treatment; see Methods). This allowed us to explore whether energetic constraints could be the mechanism through which anomalous climatic conditions induce mass mortality of benthic suspension feeders. It is important to note that the simulated high temperature (23°C) is within the temperature range that the organisms experience under natural conditions (26) . Partial mortality, surface area, and biomass of the branches were monitored periodically. Furthermore, field P. clavata samples were collected monthly over an annual cycle and from affected and unaffected colonies during a mass mortality event.
Appearance of Partial Mortality. None of the colonies in either ambient-temperature treatment displayed partial mortality over the duration of the experiment. In contrast, colonies in both high-temperature treatments displayed partial mortality. The development of damaged tissue was the first sign of partial mortality. Damaged tissue exhibited a color change from normal red or yellow to grayish and black. This color change, which was due to tissue cell death, was conducive to sclerite exposure and subsequently led to axis denudation. This process was similar to that documented in situ (12) . The first signs of partial mortality appeared in the high-temperature-ambient-food treatment, 49 days after the start of the experiment. From there on, the proportion of colonies with partial mortality increased up to 83%. In contrast, in the high-temperature-high-food treatment, only 55% of the colonies showed partial mortality at day 130, and no colony was affected until day 84 (Fig. 3A) . Thus, supplemental food resulted in a Ϸ45% delay in the appearance of partial mortality.
Biomass. In those treatments for which the branches exhibited partial mortality (i.e., both high-temperature treatments), the variation in biomass was calculated as the difference in biomass between the beginning of the experiment and the day of the first appearance of partial mortality. This allowed us to determine that reaching a biomass loss threshold of Ϸ35.6% Ϯ 1.3% (Fig. 3B) was the main determinant of the appearance of partial mortality in the colonies. This threshold also can be described in terms of reaching a biomass of Ϸ0.026 Ϯ 0.001 gDW/cm of branch length.
In those treatments for which the branches did not exhibit partial mortality (i.e., both ambient-temperature treatments), the variation in biomass was calculated as the difference in biomass between the first day and the last day of the experiment. Biomass did not change in the colonies subjected to the ambienttemperature-high-food treatment (Fig. 3B) . At ambient-food conditions, the rate of biomass loss was Ϸ2.9 times greater in the branches exposed to high temperatures than those exposed to ambient temperatures (0.14% Ϯ 0.01%/day vs. 0.40% Ϯ 0.01%/ day), explaining the early appearance of partial mortality. Supplemental food reduced the rate of biomass loss at ambient temperature but not at high temperature (0.32% Ϯ 0.01%/day; Table S5 ). Thus, variation in the timing of occurrence of partial mortality in the different treatments was due to the differences in the rate of biomass loss. In terms of dry weight, branches in the ambient-temperature-ambient-food treatment exhibited a 14% decrease in dry weight (0.030 vs. 0.035 gDW/cm initial biomass; Fig. 3B ). Branches in the high-temperature-high-food treatment lost about 31% of their biomass (0.024 gDW/cm), and those in the high-temperature-ambient-food treatment lost about 49% of their biomass (0.018 gDW/cm).
The 2 main effects observed in the experiment were a 14% decrease in biomass (0.030 gDW/cm) in the treatment simulating normal summer conditions and that a biomass loss of Ϸ35.6% determined the appearance of partial mortality (0.026 gDW/cm). These experimental results were similar to field observations, where (i) under normal summer conditions, the biomass of gorgonian branches varied over the annual cycle, higher in the spring (0.042 Ϯ 0.001 gDW/cm) and minimal at the end of summer (0.031 gDW/cm; 1-way ANOVA; F 3,313 ϭ 18.974; P Ͻ.00001; SchefféЈs contrast test), and (ii) the biomass of gorgonian branches affected by a mass mortality event (0.022 Ϯ 0.001 gDW/cm) differed from that of unaffected colonies (1-way ANOVA; F 2,58 ϭ 22.956; P Ͻ.000001; SchefféЈs contrast test) and was below the threshold value determined above.
The fact that the ambient-temperature-ambient-food treatment produced a biomass loss similar to that observed in gorgonians in the field during normal summer conditions indicates that lengthening of summer conditions would lower the colonies' capability to withstand anomalous conditions. According to the energetic constraints hypothesis, the loss in biomass would be the end result of a metabolic imbalance between the high energy expenditure due to respiration at high summer temperatures combined with low energy income due to low food availability in the summer. The experimental results conform to the field observations, and both the experimental and field results support the energetic constraints hypothesis, because (i) the biomass of colonies affected by a mortality event was below the threshold experimentally observed to determine the appearance of partial mortality, (ii) the variation in the timing of occurrence of partial mortality in the treatments was due to differences in the rate of biomass loss, (iii) the loss of biomass in the ambient-temperature-ambient-food treatment was similar to that observed in situ in late summer, (iv) the loss of biomass did not occur when supplemental food was provided at ambient temperatures, and (v) the alternative hypothesis related to the exposure to lethal temperature and/or to pathogenic microorganisms causes tissue cell death without biomass loss (21, 22) .
Our experimental results together with the field observations help clarify the mechanisms that trigger mass mortality events by establishing a cause-and-effect relationship between the environmental factors that characterize summer conditions and biomass loss and the occurrence of partial mortality in the laboratory and in situ. The results indicate that positive temperature anomalies are the underlying cause of mass mortality, with energetic constraints being the main triggering mechanism. Under the current warming trend, the relationship between maximum monthly summer temperatures and the lengthening of the summer period due to enhanced stratification increases the probability of longer and warmer summers (extreme events; Table S2 ) and thus of the occurrence of mass mortality events similar to what has been observed in coral reef ecosystems (41, 42) . Our findings are consistent with the occurrence of the regional-scale episodes of mass mortality affecting populations of benthic invertebrates in the northwestern Mediterranean over the last decade (Table S1 ). Such mortality events were not reported previously. Our results also are in accordance with the findings of studies on microorganisms as a factor related to these events, because biomass loss is a sign of physiological stress that makes colonies more susceptible to opportunistic, residential, and/or pathogenic microorganisms (11, 19, 21) , which has been observed in corals (43) . But under the observed trend of increasing extreme temperature events, increased contributions of lethal temperature and increased virulence of microorganisms to the events should be expected in the near future. The link between global warming and mass mortality supports the current trend of increasing frequency of mass mortality events, which would induce profound changes in the present benthic community composition in littoral areas and may lead to the demise of populations of the coralligenous community situated above the summer level of the thermocline. Thus, further work relating changing physical oceanographic conditions to mass mortality events is crucial to determine the causes and mechanisms of future events that are likely to occur.
The examination of temporal trends in environmental conditions, coupled with the experimental establishment of causeand-effect relationships, is crucial to understanding the consequences of global warming on marine ecosystems. Our study provides evidence of enhanced stratification of the water column due to global warming and may contribute to an understanding of the extent to which the Mediterranean coralligenous community may or may not be able to acclimate to the gradual pattern of change in environmental conditions and to the consequences of increases in the frequency and magnitude of extreme events that global warming implies. The depth of 20 m was used to examine the effects of environmental conditions on the coralligenous community because all mass mortality events have affected the community at least from this depth upward (11) (12) (13) . We characterized the long-term series in the interannual variation of T0-80 and T20-80 and their anomalies (observed minus average temperature) to examine Because none of the colonies in either ambient-temperature treatment displayed partial mortality, the biomass loss in these treatments was estimated as the difference in biomass between the first day and the last day of the experiment. Colonies in the ambienttemperature-high-food treatment did not display biomass loss. Solid squares, ambient-temperature-high-food; Open squares, ambient-temperatureambient-food; . Solid circles, high-temperature-high-food;Open triangles circles, high-temperature-ambient-food. Vertical bars denote SE.
whether a trend exists and if so, whether it affects the stratification of the water column. By interpolating the data set, we determined the date in the spring that T 20 -80 reached 0.5°C and the date in fall that it dropped below 0.5°C. Next, we estimated the duration of stratification by calculating the time period during which T 20 -80 was Ͼ0.5°C every year and determining whether this period varied over time. We performed the same estimate for 2°C intervals of T 20 -80 between 0.5 and 8.5°C. We performed Secchi disk measurements simultaneously with the temperature measurements. Salinity was not systematically recorded at the location before 1991. The mean salinity over the annual cycle was 37.71% Ϯ 0.06%, indicating that salinity plays only a minimal role in the stability of the water column. Typically, Mediterranean tides are very low. Tides were measured at the study site since 1990, demonstrating a mean amplitude of 18.3 Ϯ 0.1 cm, with some occasional storm surges that reach higher values but never above 70 cm. This indicates that tides exert little effect to counter solar radiation as the main forcing mechanism of water column stratification.
Sample Collection and Experimental Setup. In late June, an apical branch was collected by scuba divers from each of 240 healthy P. clavata gorgonian colonies from a depth of 15-20 m at the Medes Islands. The gorgonians were transported in large seawater containers to the Experimental Aquarium Zone (ZAE) of the Institute of Marine Sciences in Barcelona within 1.5 h of collection. Branches were placed on artificial substrata using an inert mastic compound and distributed randomly among 8 large tanks (150 cm long ϫ 75 cm wide ϫ 25 cm deep). After the acclimation period, the colonies were gradually subjected to 4 different treatments combining temperature (ambient and high) and food concentration (ambient and high), with 2 replicate tanks used for each treatment. Ambient temperature followed the normal summer cycle of temperature at a depth of 20 m, which did not differ from that of the mean summer temperature. (The mean value over the course of the experiment, 18.9 Ϯ 0.1°C, was similar to the mean July-October temperature at 20 m at the sampled site, 19.6°C; see ref. 26 .) The high temperature was set at 3-4°C above the ambient temperature; the mean value over the course of the experiment was 23.2 Ϯ 0.1°C. This high temperature was selected to represent the temperatures occurring during mass mortality events (17) . Temperature was continuously monitored with Hobo pendant sensors (UA-002-64; Onset Computer Corp). Food concentration was estimated as total particulate organic carbon and zooplankton density. Ambient food concentration was 321 Ϯ 49 mg C/L and 0.3 zooplankters/L, and high food concentration was 452 Ϯ 72 mg C/L and 3.2 zooplankters/L. These values mimicked natural food conditions that exhibit 2 modes through the year at the study area (25) . The treatments were maintained for 130 days to mimic the average number of days that the temperature was Ͼ18°C over the last 15 years (128 Ϯ 5 days, 1992-2006). Surface area and partial mortality were monitored periodically by visual and photographic inspection. In the figures, error bars represent SE. Details regardingtankmaintenance,acclimation,experimentalconditions,monitoredparameters, field colony weight, and data analysis are provided in SI Methods.
